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Promoterand late class transcriptional promoters each have two essential sequence
elements: an initiator at the transcriptional start site and an upstream core element. Many of the
transcription units in the viral genome are oriented divergently with insufﬁcient nucleotides between the
start of the open reading frames to accommodate two separate upstream core elements in their promoters.
This raises the possibility that two promoters could share essential elements. Reporter gene experiments
were used in this study to document examples of promoter arrangements in which two late promoters
share a core element and another in which a late promoter shares a core element with an intermediate
promoter. Another arrangement in which the core element of one late promoter is the initiator of the other
is shown. Nucleotide replacements in the initiator element of a bidirectional promoter lead to activation of
the other, suggesting that bidirectional promoter arrangement is a mechanism of attenuating promoter
strength.
© 2008 Elsevier Inc. All rights reserved.Introduction
Vaccinia virus is the laboratory model for the poxvirus family. These
viruses replicate their large DNA genomes and assemble progeny virus in
the cytoplasmic compartment of the cell (reviewed in (Moss, 2001)).
Accordingly, they encode many enzymes and other proteins normally
associated with nuclear functions including an RNA polymerase,
transcription factors, mRNA modiﬁcation enzymes, DNA polymerase and
its associated factors, and enzymes participating in nucleotide synthesis.
The biogenesis of vaccinia virus particles is modulated largely by
temporal regulation of transcription of speciﬁc genes. The viral RNA
polymerase is directed to three known classes of viral promoters in
response to class-speciﬁc transcription factors (reviewed in (Broyles,
2003)). Vaccinia early promoters possess a single essential element
that is targeted by the virus-encoded early transcription factor.
Intermediate and late class genes have a promoter with two essential
elements: an initiator element at the start site for transcription and an
upstream core element (Baldick et al., 1992; Davison and Moss, 1989;
Knutson et al., 2006), with the primary difference being the
nucleotides separating the two elements. The intermediate promoter
elements are spaced about 20 nucleotides apart, while the late
elements are about 10 nucleotides apart. Our laboratory has recently
provided evidence that both intermediate and late promoters are), broyles@purdue.edu
Center, 1100 Fairview Ave. N.,
any St. Alexandria, VA 22313-
l rights reserved.activated by the cellular TATA binding protein (TBP) that targets the
core element (Knutson et al., 2006).
The organization of the vaccinia genome is very compact.
Intergenic sequences tend to be very short, with minimal numbers
of nucleotides required to encode transcription initiation and
termination signals. There are 30 loci in the viral genome in which
genes are oriented divergently with promoters in the intergenic DNA.
Many of these loci have apparently insufﬁcient numbers of nucleo-
tides to accommodate two separate transcriptional promoters. This
scenario suggests the possibility that the two promoters might share
elements required for transcriptional activation. This possibility was
addressed in this study. The results indicated that diverging vaccinia
virus intermediate and late promoters can share promoter core
elements, and core and initiator elements can overlap. The apparent
purpose of the type of genomic arrangement is promoter attenuation.
Results
The multitude of closely spaced divergently oriented vaccinia virus
transcriptional promoters suggests that these arrangements may have
functional signiﬁcance. Three representative loci from the vaccinia
genome were chosen for this study: the L3L and L4R promoters, the
A4L and A5R promoters, and the A10L and A11R promoters. For each
pair, one of the promoter's transcriptional start site has been reported.
The L4R (Weir and Moss, 1984), A5R (Ahn et al., 1992), and A10L (Van
Meir andWittek, 1988) genes all have start sites at the TAAAT initiator
motif at the beginning of the reading frame. None of these six genes,
however, has been differentiated between intermediate and late class.
Therefore, the ﬁrst objective was to assign each promoter to a
transcriptional class to allow prediction of the location of functional
Fig. 1. Classiﬁcation of vaccinia virus promoters used in this study. HeLa cells were
infected with vaccinia virus and transfected with a plasmid harboring the β-
galactosidase gene driven by the indicated vaccinia promoter in the absence (ﬁlled
bars) or presence (empty bars) of HU. Promoter activity is expressed as relative to that
obtained with the A4L promoter in the absence of HU. Error bars indicate standard
deviations of replicate experiments.
Fig. 2. Analysis of the L3L, L4R promoter pair. (A) Alignment of nucleotide sequence of the pro
060), Lumpy skin disease virus (LSDV-LW-065), Yaba monkey tumor virus (YMTV-Amano-0
(CNPV-ZWE-093), Crocodilepox virus (CRV-ZWE-093), Molluscum contagiosum virus (M
conserved nucleotides, and gray blocked letters are highly conserved. Lines below indicate
element (ΔC), and the L4R initiator element (L4RΔI). T and A residues were replaced with
promoter, and nucleotide number is relative to the site of initiation in the L4R promoter. (B
replacements in the L3L initiator (L3LΔI), the L4L initiator (L3LΔL4RI), or the core element (
nucleotide replacements in the L4R promoter. Activity of the promoter with replacements in
(L4RΔC) are expressed relative to that of the wild-type L4R promoter (L4R).
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sequences were inserted in front of the E. coli β-galactosidase gene
that was used as a reporter for transcriptional activity. Transfected late
promoters are impaired by DNA synthesis inhibitors whereas
intermediate promoters are resistant. Reporter genes driven by each
of the six promoters were transfected into vaccinia virus-infected
HeLa cells in the absence and presence of the DNA synthesis inhibitor
hydroxyurea (HU). The L3L, L4R, A4L, A10L and A11R promoters were
inhibited by HU, whereas the A5R promoter activity was higher in the
presence of HU (Fig. 1). It was concluded that the A5R promoter
belongs to the intermediate class, and the other ﬁve are late promoters.
The L3L and L4R are two divergent late promoters. Late promoters
consist of two sequence elements that are essential for transcription:
an initiator element composed of the sequence TAAAT on the
nontemplate strand of DNA and a core element whose upstream
boundary is approximately 15 nucleotides upstream of the initiator
element (Davison and Moss, 1989; Knutson et al., 2006). The ﬁrst A in
the initiator element is deﬁned here as nucleotide +1. The L3L and L4R
promoters have initiator elements that are separated by 18 nucleo-
tides, seemingly insufﬁcient for two separate promoters. Comparison
of the sequence of this locus from several divergent poxviruses revealsmoter pair from vaccinia virus WR strain (VACV-WR-091), Swinepox virus (SWPV-Neb-
56), Myxomavirus (MYXV-Lau-063), Deerpox virus (DPV-W1170-070), Canarypox virus
OCV-st1-074), and Orf virus (ORFV-IA82-048). Black blocked letters are completely
d nucleotides replaced in the L3L initiator element (L3LΔI), the putative common core
a C. Arrows above indicate the putative sites of initiation of transcription from each
) Effect of nucleotide replacements in the L3L promoter. Activity of the promoter with
L3LΔC) are expressed relative to that of the wild-type L3L promoter (L3L). (C) Effect of
the L4R initiator element (L4RΔI), the L3L initiator element (LR4ΔL3LI), or core element
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block of nucleotides centered between them where both of the core
elements is expected (Fig. 2A). Nucleotide replacements in each of the
two putative initiator elements resulted in complete loss of promoter
activity (Figs. 2B and C), conﬁrming these sites as likely sites for the
initiation of transcription. Centered between the two initiator
elements is a block of 8 A-T pairs, and T runs on the non-template
strand have been shown to function as an upstream core element
(Davison and Moss, 1989). Four of the base pairs in the center of this
block were replaced with C residues on the non-template strand (Fig.
2A). These nucleotide replacements resulted in impaired activity for
both the L3L and L4R promoters. These results indicated that the
core elements for the L3L and L4R promoters are within the same
nucleotides or are at least overlapping. Nucleotide replacements in
the initiator element from each promoter had different effects on the
other. The L3L promoter exhibited enhanced activity upon mutation
of the L4R initiator element, but the L4R promoter had reduced
activity when the L3L promoter was altered.
The vaccinia virus A4L and A5R are divergent intermediate and
late promoters, respectively. Intermediate promoters require about 25
nucleotides upstream of the initiator element (Baldick et al., 1992;
Knutson et al., 2006). There are 31 nucleotides between the initiator
elements of these two promoters, again likely too few for separate
late and intermediate promoters. Three sequence blocks are con-
served among divergent poxviruses at this locus: the two predicted
initiator elements and a block that is closer to the A4L initiator
element (Fig. 3A). This arrangement of promoter elements is veryFig. 3. Analysis of the A4L-A5R promoter pair. (A) Alignment of nucleotide sequences. Poxvir
nucleotide replacements on the activity of the A4L promoter. Activity of the promoter with r
the core element (A4LΔC) are expressed relative to that of the wild-type A4L promoter (A4L)
promoterwith replacements in the A5R initiator element (A5RΔI), A4L initiator (A5RΔA4LI), o
(A5R).close to what is predicted if the two promoters share a core element.
Nucleotide replacements in the two putative initiator elements con-
ﬁrm the likely sites of initiation of transcription (Figs. 3B and C). Four
central residues in the predicted core element were replaced with C
residues on the non-template strand. These nucleotide replacements
resulted in impaired activity for both promoters. These results
indicate that the late A4L and intermediate A5R promoters share a
common core element.
If two promoters share a common core element, it seems
reasonable that transcription from one might adversely affect the
activity of the other. To test this notion, the initiator element of each
promoter's bidirectional partner was inactivated by nucleotide
replacements. Nucleotide replacements in the A4L initiator caused a
27% increase in activity of the A5R promoter (Fig. 3C). Inactivation of
the A5R initiator element enhanced the A4L promoter by more than
150% (Fig. 3B). The general trend appears to be an enhancement of
activity of a promoter if its bidirectional partner is inactivated.
The third type of arrangement examined was that of the A10L and
A11R late promoters. There are only eight nucleotides separating the
initiator elements of these two promoters, clearly inadequate for two
late promoters. In fact, this is the separation expected for the initiator
and core elements of a late promoter, suggesting that each element
acts both as the initiator element for one promoter and the core
element for the other. Indeed divergent poxviruses exhibit conserva-
tion of DNA sequence at the sites of the two predicted initiator
elements (Fig. 4A). If transcription from one bidirectional partner
promoter has a negative inﬂuence on the transcription from the otherus abbreviations and sequence features are described in the legend to Fig. 2. (B) Effect of
eplacements in the A4L initiator element (A4LΔI), A5R initiator element (A4LΔA5RI), or
.(C) Effect of nucleotide replacements on the activity of the A5R promoter. Activity of the
r the core element (A5RΔC) are expressed relative to that of thewild-type A5R promoter
Fig. 4. Analysis of the A10L-A11R promoter pair. (A) Alignment of nucleotide sequences. Poxvirus abbreviations and alignment features are as described in the legend to Fig. 2. (B)
Effect of nucleotide replacements on the activity of the A10L promoter. The indicated A, G, or T nucleotide was replaced with a C, and C residues were replaced with a G. TAAA
indicates the promoter with all 4 nucleotide prior to the initiator replaced. Activities are expressed as relative to that of wild-type promoter (WT). NP indicates plasmid bearing no
promoter. (C) Effect of nucleotides replacements on the activity of the A11R promoter. The activities of promoter with the -11TΔG, -10AΔG, -1TΔG, or +1AΔG replacement are
expressed relative to that of the wild-type sequence promoter (WT).
201B.A. Knutson et al. / Virology 385 (2009) 198–203partner, as suggested above, then nucleotide replacements in the one
of the initiator elements would be expected to have mixed results on
transcription from the other initiator, and the results might be
complex and difﬁcult to interpret. To address this issue, a systematic
nucleotide replacement strategywas employed inwhich the sequenceof the A10L promoter was scanned with individual nucleotide
replacements across the entire sequence of the promoter. The
upstream boundary was deﬁned by constructing reporter gene
plasmids with upstream sequence ranging from −44 to +16 nucleo-
tides from the initiator elements. Sixteen nucleotides upstream from
202 B.A. Knutson et al. / Virology 385 (2009) 198–203the initiator was equally active as the construct having 44 nucleotides
upstream (data not shown). The −16 nucleotide construct was
subjected to scanning nucleotides replacements. Clear evidence for
the initiator was seen with impairment of promoter activity by
replacements in the TAAAT sequence at nucleotides -1 to +3 (Fig. 4B).
Replacement of nucleotides at −11 to −16, where a core element
would be expected, resulted in partial impairment of promoter
activity, but generally did not yield as signiﬁcant impairment expected
for a inactivated core element. Importantly, replacement of nucleotide
-10 resulted in a 140% increase in promoter activity, a result expected
for alteration of a bidirectional partner's initiator element. This
nucleotide corresponds to the ﬁrst T in the A11R initiator element.
Replacement of the −10 nucleotide in the A11R promoter also
enhanced its activity similarly (Fig. 4C). These results suggest that
the A10L core elements overlaps the A11R initiator element since
nucleotides replacements yieldedmodest effects on promoter activity,
and further indicate that the nucleotide replacement at −10
inactivated the A11R initiator likely without affecting A10L promoter
activity.
If the A11R initiator functions as the A10L core element, then it
should also function as an intermediate promoter core element if the
nucleotides between its core and initiator elements were appro-
priately expanded by about 10 nucleotides as has been reported for
the I2L late promoter (Knutson et al., 2006). To test this, nucleotides
were added incrementally to the spacer between the A10L promoter
initiator and core element. Additon of the ﬁrst few nucleotides
gradually impaired promoter activity (Fig. 5A). The promoter regained
signiﬁcant activity with the addition of 10 nucleotides. Importantly
the activity of the +10 promoter was resistant to the effects of the DNA
synthesis inhibitor HU, meaning that it had the properties of an
intermediate promoter. Nucleotide replacements in the displaced core
element resulted in inhibition of promoter element (Fig. 5B),
consistent with the expected properties of an intermediate promoter.
These results are in agreement with the prior study on the vaccinia I2L
promoter (Knutson et al., 2006). Based on these results, it was
concluded that the A11R initiator element could also function as an
intermediate core element.Fig. 5. Effect of expansion of the inter-promoter element spacer on the activity of the A10L pro
core elements of the A10L promoter. HeLa cells were infected with vaccinia virus and transfe
expressed as relative to that of the wild-type promoter (WT) in the absence of HU. NP indicat
nucleotide-expanded promoter. The promoter activity of the expanded promoter with nucle
10ΔC), replacement of C for +1 in the initiator element (A10L+10ΔI), and replacement of CCC
expressed as relative to the expanded promoter (A10LΔ +10).Discussion
The majority of vaccinia virus transcription units are arranged in
tandemly clustered groups. This is particularly true of intermediate
and late genes on which transcription does not terminate in response
to a signal in the DNA or transcript (Condit and Niles, 2002),
continuing well past the ends of genes from which they originate.
As described above, several adjacent genes are oriented in divergent
directions with some transcription starts sites very close to one
another and possibly sharing promoter elements. The results
presented here support the sharing of promoter core elements
between two late promoters and between a late and intermediate
promoter. The latter result is probably a reﬂection of the targeting of
late and intermediate core elements by the same protein, TBP
(Knutson et al., 2006).
The bidirectional promoter arrangement appears to serve the
purpose of promoter attenuation. For ﬁve of the six promoters
examined here, nucleotide replacements in the initiator element of
one promoter resulted in enhanced activity for the other. The L4R
promoter did not respond in this manner, however. Its activity was
reduced by nucleotide replacements in the L3L initiator element.
According to our current understanding of vaccinia virus late
promoters, nucleotides this far upstream of the L4R initiator element
(−21 to −19) should not affect its activity. It is possible that the
sequence requirements for all vaccinia late promoters do not conform
to the few that have been reported to date.
The enhancement of promoter activity of one partner of a
bidirectional partner when the other is impaired suggests that the
two initiator elements are competing for the common core element in
transcriptional initiation. There are several possible explanations for
transcriptional inhibition by a promoter pair. Intermediate and late
transcription has been shown to be mediated through cellular TBP
binding to the core elements of both classes of genes (Knutson et al.,
2006). There is, however, reason to believe that TBP might not be
capable of activation of both promoters in a promoter pair simulta-
neously. While TBP's structure exhibits quasi-symmetry in its DNA
binding domain and can bind its TATA box in both directions (Cox etmoter. (A) The indicated number of nucleotides were inserted between the initiator and
cted with plasmid in the absence (ﬁlled bars) or presence (empty bars) of HU. Activity is
es plasmid with no promoter. (B) Effect of nucleotide replacements on activity of the +10
otide replacements CCC for −21 to −19 where the new core element is expected (A10L+
at nucleotides −11 to −9 where the former core element was located (A10L+10ΔS) are
Table 1
Oligonucleotide sequences used in this study
Name Oligonucleotide sequence (5′ to 3′)a,b
A4L CCATTTAATCTTATAATCGCAATTCAATTTTAAAGCCTTAAATGG
A5R CCATTTAAGGCTTTAAAATTGAATTGCGATTATAAGATTAAATGG
L3L TCATTTAGAGAAGTTTTTTTTGTGATAAATGA
L4R TCATTTATCACAAAAAAAACTTCTCTAAATGA
A10L TCATTTAATACTAAATAAATGA
A11R TCATTTATTTAGTATTAAATGA
A4LΔI CCATTTAATCTTATAATCGCAATTCAATTTTAAAGCCTGGGGTGG
A4LΔA5RI CCAGGGGATCTTATAATCGCAATTCAATTTTAAAGCCTTAAATGG
A4LΔC CCATTTAATCTTATAATCGCAATTCAAGGGGAAAGCCTTAAATGG
A5RΔI CCATTTAAGGCTTTAAAATTGAATTGCGATTATAAGATCCCCTGG
A5RΔA4LI CCACCCCAGGCTTTAAAATTGAATTGCGATTATAAGATTAAATGG
A5RΔC CCATTTAAGGCTTTCCCCTTGAATTGCGATTATAAGATTAAATGG
L3LΔI TCATTTAGAGAAGTTTTTTTTGTGAGGGGTGA
L3LΔL4RI TCAGGGGGAGAAGTTTTTTTTGTGATAAATGA
L3LΔC TCATTTAGAGAAGTTTTGGGGGTGATAAATGA
L4RΔI TCATTTATCACAAAAAAAACTTCTCCCCCTGA
L4RΔL3LI TCACCCCTCACAAAAAAAACTTCTCTAAATGA
L4RΔC TCATTTATCACCCCCAAAACTTCTCTAAATGA
A10L, −16TΔC CCATTTAATACTAAATAAATGA
A10L, −15CΔG TGATTTAATACTAAATAAATGA
A10L, −14AΔC TCCTTTAATACTAAATAAATGA
A10L, −13TΔC TCACTTAATACTAAATAAATGA
A10L, −12TΔC TCATCTAATACTAAATAAATGA
A10L, −11TΔC TCATTCAATACTAAATAAATGA
A10L, −10AΔC TCATTTCATACTAAATAAATGA
A10L, −9AΔC TCATTTACTACTAAATAAATGA
A10L, −8TΔC TCATTTAACACTAAATAAATGA
A10L, −7AΔC TCATTTAATCCTAAATAAATGA
A10L, −6CΔG TCATTTAATAGTAAATAAATGA
A10L, −5, -2TAAAΔCCCC TCATTTAATACCCCCTAAATGA
A10L, −1TΔC TCATTTAATACTAAACAAATGA
A10L, +1AΔC TCATTTAATACTAAATCAATGA
A10L, +2AΔC TCATTTAATACTAAATACATGA
A10L, +3AΔC TCATTTAATACTAAATAACTGA
A10L, +4TΔC TCATTTAATACTAAATAAACGA
A10L, +5, +6GAΔCC TCATTTAATACTAAATAAATCC
A11R, −11TΔG TCATTGATTTAGTATTAAATGA
A11R, −10AΔG TCATTTGTTTAGTATTAAATGA
A11R, −1TΔG TCATTTATTTAGTATGAAATGA
A11R, +1AΔG TCATTTATTTAGTATTGAATGA
A10L+1 TCATTTAATACTGAAATAAATGA
A10L+2 TCATTTAATACTCGAAATAAATGA
A10L+3 TCATTTAATACTTCGAAATAAATGA
A10L+5 TCATTTAATACTGGTCGAAATAAATGA
A10L+7 TCATTTAATACTACGGTCGAAATAAATGA
A10L+9 TCATTTAATACTGTACGGTCGAAATAAATGA
A10L+10 TCATTTAATACTGGTACGGTCGAAATAAATGA
A10L+11 TCATTTAATACTTGGTACGGTCGAAATAAATGA
A10L+10ΔC TCACCCAATACTGGTACGGTCGAAATAAATGA
A10L+10ΔI TCATTTAATACTGGTACGGTCGAAATCAATGA
A10L+10ΔS TCATTTAATACTGGTCCCGTCGAAATAAATGA
a Oligonucleotides containing the promoter sequences were ﬂanked by additional
nucleotides complementary to HindIII and NcoI restriction sites at the 5′ and 3′ ends,
respectively.
b Only non-template strand oligonucleotide sequences are listed.
203B.A. Knutson et al. / Virology 385 (2009) 198–203al., 1997), TBP is believed to activate RNA polymerase II in the nucleus
through asymmetric interactions in the preinitiation complex (Burley
and Roeder, 1996). TBP could exhibit asymmetry in its activation of
vaccinia RNA polymerase as well. Alternatively, the viral RNA
polymerase or the preinitiation complex assembled on one promoter
could occlude assembly on the other. Vaccinia RNA polymerase
occupies more than 40 nucleotides when bound to DNA (Hagler and
Shuman,1992). When straddling the transcriptional initiation site, the
RNA polymerase would be expected to protect about 20 nucleotides
upstream of that site, easily blocking another RNA polymerase from
interacting with the other initiation site in the promoter pair. Furtherexperimentationwill be required to determine themechanism behind
the interactions in the bidirectional promoter behavior.
Materials and methods
Nucleotide alignments
Nucleotides were aligned with the tool from the Poxvirus
Bioinformatics Resource Center at http://www.poxvirus.org/index.
asp?bhcp=1.
Plasmids
Oligonucleotides of the desired sequence were purchased from
Integrated DNA Technologies. The oligonucleotides were phosphory-
lated at their 5′ ends by bacteriophage T4 polynucleotide kinase,
hybridized, and ligated into the HindIII and NcoI sites of a plasmid
encoding the E. coli β-galactosidase gene (Knutson et al., 2006).
Oligonucleotides used in this study are listed in Table 1.
Cells, viruses, and DNA transfections
All experiments involved the infection of HeLa cells with vaccinia
virus WR strain. Cells were maintained in modiﬁed Dulbecco's
Modiﬁed Essential Medium supplemented with 10% bovine serum.
Cells (1–1.2×106) were infected with a multiplicity of 10 virus plaque-
forming units/cell by adsorption in one-fourth the original culture
volume for 30 min, after which the original volume of medium was
restored. Cells were immediately transfected with 2 μg reporter vector
using the Lipofectamine 2000 transfection reagent (Invitrogen)
according to the manufacturer's recommendations. Cells were
harvested 16–18 h later, washed with phosphate buffered saline,
and lysed in a solution containing 100 mM Tris pH 8.0, 0.5% Triton X-
100 (Knutson et al., 2006). Reporter enzyme activity was determined
with o-nitrophenylphosphate as substrate (Miller, 1972). Enzyme
activity was normalized to protein content using Bradford reagent
(BioRad). Assays were typically performed in triplicate.
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